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Overview
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Formation of (particle?) Dark
Matter Spikes around PBHs
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Gravitational Wave Signatures |
of DM around PBHs
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Signatures (hints?) in Low-mass
X-ray Binaries (LMXBs)
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‘Dark Matter Spikes

| From the slow (‘adiabatic’) growth of

'Spikes’ or ‘dresses’ of cold, particle-
ike DM may form around BHSs:
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Around BHs which form from large  §
| density fluctuations in the early |
L Universe (i.e. Primordial Black Holes)

t‘~ “PBH scenario” i

| [Bertschinger (1985), astro-ph/0608642, §
, 1901.08528, .. ] /

| a BH at the centre of a DM halo

q “Astrophysical scenario”

| [astro-ph/9906391, astro-ph/0509565,
\ 1305.2619, ...]
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https://arxiv.org/abs/astro-ph/9906391
https://arxiv.org/abs/astro-ph/0509565
https://arxiv.org/abs/1305.2619
https://ui.adsabs.harvard.edu/abs/1985ApJS...58...39B/abstract
https://arxiv.org/abs/astro-ph/0608642
https://arxiv.org/abs/1901.08528

Dark Matter around PBHS (Bertschinger (1985), Mack et al., astro-ph/0608642,

Ricotti, 07/06.0864, Sten Delos et al., 1712.05421,
Adamek et al., 1901.08528, Boudaud et al., 2106.07/480, ...]

Primordial Black Holes (PBHs) seed the formation of DM spikes:

High redshift (early time) Low redshift (later time)

e



https://ui.adsabs.harvard.edu/abs/1985ApJS...58...39B/abstract
https://arxiv.org/abs/astro-ph/0608642
https://arxiv.org/abs/0706.0864
https://arxiv.org/abs/1712.05421
https://arxiv.org/abs/1901.08528
https://arxiv.org/abs/2106.07480

Dark Matter Turn-around [Bertschinger (1985), Mack et al., astro-ph/0608642,

Ricotti, 0706.0864, Sten Delos et al., 1712.05421

Adamek et al., 1901.08528, Boudaud et al., 2106.07480, ...]

| .. da  GMgy 3/4
Follow the turn-around of shells of DM at different radii: 7 = —r S A X7
a r
_mpon = 10Me

Dark Matter /,Primordial
Shells .. <" Black Hole

(26850 70ce ‘obaig ‘Mrg ‘esbuer]

rk Matter Spike " B
D P 10 270-1 100 100 102 10° 10% 105

t |yr]

At the moment of turn-around, the density of the shell is p,,(r) =~ p(.(r)) ~ ro



https://arxiv.org/abs/2304.05892
https://ui.adsabs.harvard.edu/abs/1985ApJS...58...39B/abstract
https://arxiv.org/abs/astro-ph/0608642
https://arxiv.org/abs/0706.0864
https://arxiv.org/abs/1712.05421
https://arxiv.org/abs/1901.08528
https://arxiv.org/abs/2106.07480

Dark Matter Spikes

Consider thermal DM: they typically possess enough angular
momentum to enter stable orbits around the central PBH and
avoid capture

The density profile will depend on the distribution of orbital
parameters, the velocity distribution (Maxwell-Boltzmann) and
density at turnaround:

p(r) r* Jdrta re ptaJd3vf(v) X all possible orbits

After ~free-fall time, a stable DM spike with p(r) ~ r~% s

formed around the PBH

le.qg. Eroshenko, 1607.00612]



https://arxiv.org/abs/1607.00612

Complications I M, /pc® ~ 1072 g/em?

PDM, local ™ 10_2 M@/pcg

Self-Annihilation? Kinetic Decoupling?
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[e.g. Bertone et al. (including BJK), 1905.01238, | [Ireland, 2406.07624]
Lacki & Beacom, 1003.3466, Carr et al., 2011.01930] | [Eroshenko, 1607.00612]



https://arxiv.org/abs/2406.07624
https://arxiv.org/abs/1607.00612
https://arxiv.org/abs/1905.01238
https://arxiv.org/abs/1003.3466
https://arxiv.org/abs/2011.01930

In collaboration with

Glanfranco Bertone, Theophanes Karydas, Francesca Scarcella,
Pippa Cole, Roberto Caiozzo, Adam Coogan, Daniele Gaggero,...




DM Accretion

................................................................. o

Additional
enclosed

mass ‘

Dynamical Friction

[See e.g. Macedo et al., 1302.2646; Cardoso & Maselli, 1909.05870;
Karydas et al. (including BJK), 2402.13053]



https://arxiv.org/abs/1302.2646
https://arxiv.org/abs/1909.05870
https://arxiv.org/abs/2402.13053
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Dynamical Friction

[See e.g. Macedo et al., 1302.2646; Cardoso & Maselli, 1909.05870;
Karydas et al. (including BJK), 2402.13053]



https://arxiv.org/abs/1302.2646
https://arxiv.org/abs/1909.05870
https://arxiv.org/abs/2402.13053
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[See e.g. Macedo et al., 1302.2646; Cardoso & Maselli, 1909.05870;
Karydas et al. (including BJK), 2402.13053]



https://arxiv.org/abs/1302.2646
https://arxiv.org/abs/1909.05870
https://arxiv.org/abs/2402.13053

Gravitational Wave Inspiral

N\
/\/\/\/\/\V M J Jow = 2for

Time, ¢

GW Strain, h(t)

Evolution of the GW strain h(f) and frequency fow(?) is driven by the evolution of the orbital radius r(¢)

Assuming quasi-circular orbit, we can relate the radius to the orbital energy: E_4, = — Gmm,/(2r)

o .orb — EGW T EDF(IODM) Eorb(t) — F(t) _)fGW(t)




Gravitational Wave Inspiral

i
/\/\/WV M J Jow = 2Jor

Time, ¢

GW Strain, A(t)

Evolution of the GW strain h(f) and frequency fow(?) is driven by the evolution of the orbital radius r(¢)

Assuming quasi-circular orbit, we can relate the radius to the orbital energy: E_4, = — Gmm,/(2r)

_Eorb — EGW T EDF(IODM) Eorb(t) — (1) _)fGW(t)

Pom(r) = JfDM(ra v) dv

Feedback: Energy extracted from the binary is injected into the DM spike! This can substantially
reduce the DM density and thus reduce the size of the dephasing etfect.




GW SeﬂSitiVitieS aﬂd Sigﬂa‘s [Cole, Coogan, BJK & Bertone, 2207.075706]
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https://arxiv.org/abs/2207.07576

Dressed PBHS [Cole, Coogan, BJK & Bertone, 2207.07576]

Consider now a binary of sub-solar mass PBHS, B _3
observed with future ground-based detectors: (ml’ mQ) o (1’ 10 )M@

In vacuum, expect ~107 GwW cycles during a one year observation. But with a DM spike:

AN cycles % SNR loss
- 64
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https://arxiv.org/abs/2207.07576

Measuring the DM Spike

(m1,ma) = (1,107°) Mg

T

poMm(r) = pe (

K Observing duration \

1 week

— 1 month

I year

Qvith Einstein Telescopy

e
10—° pc>

Expect DM spike properties
to be measurable with ~1
week of observation!

) ) 24 [Cole et al. (including BJK), 2207.07576]

Distinguishable from other environmental effects (baryons, light bosonic fields, ...)!

[Cole et al. (including BJK), 2211.01362]

Thinking about how to perform these searches tor environmental effects with upcoming LVK + future detectors..

O


https://arxiv.org/abs/2211.01362
https://arxiv.org/abs/2207.07576

In collaboration with
Francesca Scarcella

arXiv:i2510.1 1635



https://arxiv.org/abs/2510.11635

| ow-mass Black-hole X-ray Binaries (LMXBSs)

~20 observed

~1 kpc from Sun
M~5—10M,

Period P ~ few hours

N 4

—_—

r~1072AU ~ 10~ °pc

/

The period of LMXBs changes (very) slowly as
they inspiral due to gravitational wave emission \
and other mechanisms such as mass transter or |
magnetic braking.

Chandra Observations of XTE J1118+480
[McClintock et al., astro-ph/0103051]



https://arxiv.org/abs/astro-ph/0103051

. Observations

|Scarcella & BJK, 2510.11635]

Three LMXBs have measured period decay rates, P — all three anomalously large!

|Gonzalez Hernandez et al., 1311.5412, 1609.02961, van Grunsven et al., 1/08.08209]

System A System B System C
XTE J1118+480 A0620-00 NM1991
Mgsu [Mg)] 7.46103% 146]  5.86 4+ 0.24 [59 11.0774[47]
M, [Mg) 0.18 +0.06 [46]  0.40+0.01 [46] 0.89 + 0.18 [47
re [Ro] 0.34 +£0.05 [47]  0.67+£0.02[47]  1.06 + 0.07 [47
q= M,./Mgu 0.024 +0.009 [46] 0.060 % 0.004 [59] 0.079 £ 0.007 [47]
Forb [Ro) 2.54 + 0.06 3.79 4+ 0.04 5.49 + 0.32

Py [day]  0.16993404(5) [46] 0.32301415(7) [46] 0.432605(1) [47]

P [ms/yr]  —1.904 0.57 [46] —0.60 % 0.08 [46] —20.7 4+ 12.7 [47]
~10x larger than ~10x larger than ~100x larger than
expected! expected! expected!



https://arxiv.org/abs/2510.11635
https://arxiv.org/abs/1311.5412
https://arxiv.org/abs/1609.02961
https://arxiv.org/abs/1708.08209

‘Constraints on the DM spike profile
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‘Constraints on the DM spike profile
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https://arxiv.org/abs/2212.05664

‘Constraints on the DM spike profile
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Simulations with NbodyIMRI [Scarcella & BJK, 2510.11635]

| | r |Schwarzschild radius]
Simulate each of the 3 LMXB systems with NbodyIMRI: 104 105 106 107

—— Initial
—— 1000 orbits
— 2000 orbits -
— 3000 orbits
4000 orbits
5000 orbits
6000 orbits

Newtonian N-body solver tailored to DM
spikes.

< 1071 .
Neglect GW emission and ignore DM-DM =
interparticle forces. S
- 2
Focus on understanding co-evolution of spike 10~ 13} =
and binary. Tsoft O _
10°° 10~7 107° 107°
[BJK et al., 2402.13762] Radius r [pc]

[Code here: github.com/bradkav/NbodylMRI]



https://github.com/bradkav/NbodyIMRI
https://arxiv.org/abs/2402.13762
https://arxiv.org/abs/2510.11635

‘Estimating the rate of decay P(y)

|Scarcella & BJK, 2510.11635]

Decay of
due to de

the orbital period slows with time

oletion of the spike:

Time [years|
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10°x Relative variation (P—Fy) /By

Estimate derivative P = (AP/ ALY 000 orice =
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Compare with observed P value to infer y (or equivalently
the ‘initial” DM density ppa)
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https://arxiv.org/abs/2510.11635

Constraints on the DM spike profile [Scarcella & BJK, 2510.11635]

ppom(r) < r77
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https://arxiv.org/abs/2510.11635

Constraints on the DM spike profile [Scarcella & BJK, 2510.11635]

ppom(r) < r77
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‘Compatibility with PBHs"

Effects of kinetic decoupling?
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Depletion over 10° — 10° years?
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[Scarcella & BJK, 2510.11635]
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https://arxiv.org/abs/2406.07624
https://arxiv.org/abs/2510.11635

In collaboration with

Agnese Tolino, Francesca Scarcella,
V. De Romeri and D. Gaggero

arXiv:2606.2503 |



https://arxiv.org/abs/2606.25031

PBH COﬂStrai NIS [Green & BJK, 2007.10722]

. [Code online: github.com/bradkav/PBHbounds]
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http://github.com/bradkav/PBHbounds
https://arxiv.org/abs/2007.10722
https://arxiv.org/abs/1801.05235
https://arxiv.org/abs/2002.12778
https://arxiv.org/abs/2006.02838

PBH COﬂStrai NTS [Green & BJK, 2007.10722]

[Code online: github.com/bradkav/PBHbounds]
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https://arxiv.org/abs/1801.05235
https://arxiv.org/abs/2002.12778
https://arxiv.org/abs/2006.02838

SplkeS made Of PBHS? [ Tolino, Scarcella, BJK, De Romeri & Gaggero, 2606.25031]

Instead of particle DM, we consider a population of light PBHs (IPBHs), with masses
m e [1071°,107) M, around a central heavy (hPBH) PBH, M & [1,10°] M (QCD + SMBH seeds)

PBHs are not expected to be born with significant peculiar
velocities, so the light PBHs may be captured! e

.

Can a spike made of PBHs form at all?

_——

This would require sufficient torques 7 on the IPBH-hPBH
system.

The accumulated angular momentum

o (t P
Ures) = / T®) g1
0

m SR
must exceed the threshold for capture, £ .. = 4GM/c. e @



https://arxiv.org/abs/2606.25031

Sources of Torq ue [Tolino, Scarcella, BJK, De Romeri & Gaggero, 2606.25031]

External torques due to
distant heavy PBHSs

- — —
——

Light-light PBR Interactions

| “; External torques due to
large scale density perturbation

Light PBH capture
by heavy PBH



https://arxiv.org/abs/2606.25031

Swa‘ ‘Owed PBH SplkeS [ Tolino, Scarcella, BJK, De Romeri & Gaggero, 2606.25031]

Assuming that the light PBHs make up ~all of the DM:

1016 ,

Asteroid mass range Asteroid mass range M = 103 M@

10-» 1078 1001 10° 107 10 107 1078 100711 10° 1007 10°°
m [M@] m [MQ]

White regions are swallowed by the central PBH of mass M



https://arxiv.org/abs/2606.25031

Swa‘ ‘Owed PBH SplkeS [ Tolino, Scarcella, BJK, De Romeri & Gaggero, 2606.25031]

Saturating the light PBH abundance based on current (microlensing/evaporation) constraints:
1018

10"

Asteroid mass range

10-% 1018 1011 10° 107 10 107V 100 101 10° 1007 10°°
m Mg | m | Me|

White regions are swallowed by the central PBH of mass M



https://arxiv.org/abs/2606.25031

Swa‘ ‘Owed PBH SplkeS [ Tolino, Scarcella, BJK, De Romeri & Gaggero, 2606.25031]

Saturating the light PBH abundance based on current (microlensing/evaporation) constraints:
1018

1016
<1 % of the spike mass is
| swallowed |

I But this is the central region
| (r < 10° r,), where some of the
i most interesting signals arise! »
| |

Still need to understand the
subsequent dynamics and |
, determine the ‘final’ spike |
‘ density profile... |

Asteroid mass range

10°% 1078 10711 10° 1077 10°°
m[M@]

White regions are swallowed by the central PBH of mass M
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Conclusions
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Adiabatic Growth

10 rg 10° rs 10° rg

 BH grows by gas accretion from an infinitesimal
seed, at the centre of an NFW DM halo

—— . =245

/

» DM density can be enhanced within the ‘spike radius

Fsps comparable to the sphere of influence of the BH

y
.
"
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I
I
Y
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/ dmr? pnew (1) dr = B My B~ 0.1]
0

* Adiabatic: Timescale for growth is much longer than
the dynamical timescale of the DM

4

Angular momentum L and radial action I are preserved,
allowing us to map between initial and final DM energy &.

(r) [Me pc™]
7777 77

DM orbits contract, leading to

I'sp Vsp
steep ‘spike’ density profile:  #DM = Psp (_)

1 r

Radial Action: I(E,L) = —/ o vr(r,E, L) dr

T

T'min

[Gondolo & Silk, astro-ph/9906391; Sadeghian et al., 1305.2619]



https://arxiv.org/abs/astro-ph/9906391
https://arxiv.org/abs/1305.2619

*Precise detalls of formation affect slope
. Dark M atter MOU 1 d S and density of DM very close to BH

3 B

NFW Dark Matter Halo _
. f > 15 Supermassive ‘star’ Direct Collapse_BIack Hole
at high redsnitt z 2 + Dense DM Spike/Mound

10

108

1079

y/kpc
o
M, kpc

The BH may experience subsequent
10° growth to become supermassive

'
1

; ®  Dunn et al., 1803.01007] a

[Bertone et al. (including BJK), 2404.08731]
[Caiozzo et al. (including BJK), 2512.09985]



https://arxiv.org/abs/2404.08731
https://arxiv.org/abs/1803.01007
https://arxiv.org/abs/2512.09985

. Dark Matter Mounds

Mgn = 10° Mg
1021§ |

——  Relativistic Mound

—— Relativistic Spike
- - - SMS

4-year EMRI

B A I T
r [pc]

[Caiozzo et al. (including BJK), 2512.09985]



https://arxiv.org/abs/2512.09985

. Dark Matter Mounds

Mgy = 10° Mg
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[Caiozzo et al. (including BJK), 2512.09985] [Bertone et al. (including BJK), 2404.08731]



https://arxiv.org/abs/2512.09985
https://arxiv.org/abs/2404.08731

Feedback

Follow semi-analytically the phase space

—ac

distribution of DM:

dN
f= 5 35 =1
E=V(r)— 102

2

N particle receives a ‘kick’

throu

|[BJK, Nichols,

gh gravitational scattering

E— &+ AE

Reconstruct density from

distribution function:

plr) = [ dvs(E)

Gaggero, Bertone, 2002.12811 |

Compact object scatters with all DM particles
within ‘torus’ of influence over one orbit

[Code available online: github.com/bradkav/HaloFeedback]

O


https://github.com/bradkav/HaloFeedback
https://arxiv.org/abs/2002.12811

Feedback

Find that the density of the DM

spike is depleted (and
. ® replenished...)
10% j
mi :l :i();3 [..'\[ ; I
Y mo = 1 M.
1023 Ysp = 7/3 |

1 Size of the dephasing
t = —4062.90 years effect is reduced from

B O(1) to O(1%).
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Find that the density of the DM
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‘N-body Simulations

the DM spike

NbodyIMRI: Newtonian N-body solver
taillored to DM spikes.

Y

Neglect GW emission and ignore DM-DM
Interparticle forces.

Focus on understanding co-evolution of
spike and binary.

[BJK et al., 2402.13762]
[Code here: github.com/bradkav/NbodylMRI]

150
100
o0 |
£
>

~50F

—100

—150

—ventually need to expand and verify our description of dynamical friction and feedback in

—100 0 100
9) [Tisco]

[See also Mukherjee et al., 2312.02275]



https://github.com/bradkav/NbodyIMRI
https://arxiv.org/abs/2402.13762
https://arxiv.org/abs/2312.02275

‘N-body Simulations

N-body simulations revealed an additional feedback effect...

2.0/-- ™ AL Close
/ éi (ma, mg) = (100,1) Mg encounters
| / CS : o N orbits — 1000 _
- / S ] AE = AE(b)
| S .-
S / i o AN
ST | L LT VAR A 4
E ].O 7‘0/‘" E . _p
< ’ 4
0.5_—/ S —— NbodyIMRI -
| / ’ i -  HaloFeedback
/ : — DF + Stirring o
OOI./ . P ® 3-pbody ‘stirring’
| 10° 10? 102 10%
r [Risco At
Hirscol AE = / W
Y

But N-body simulations are VERY slow!




MOﬂte Car‘O S|mu ‘at|OﬂS [Scarcella & BJK, 2510.11635, and in prep.]

Phase-space Monte Carlo simulations, in which we track integrals of motion of DM particles (&, L, L,).

(ml, mg) — (10, 015) M@
|

| +

—— NbodyIMRI :
— MC

r,=10""pc -

0 2000 5000 7500 10000 12500
Norb

At each orbit of the binary, we apply a kick
(A€, AL, AL,) due to close encounters (‘dynamical

friction’) and due to 3-body effects (‘stirring’).

Can now self-consistently track
the DM spike evolution!



https://arxiv.org/abs/2510.11635

DIStIﬂQUIShlng aStrO ]cI’Om PBH Sp|kes [Coogan, Bertone, Gaggero, BJK & Nichols, 2108.04154]
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We may be able to

distinguish different
shapes of spike
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— Different DM
models and
formation
mechanisms!
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https://arxiv.org/abs/2108.04154

‘Primordial Power Spectra’
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|[Franciolini et al., 2209.05959]
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https://arxiv.org/abs/2209.05959

EﬂVi I’Oﬂmeﬂta‘ COﬂfUSiOﬂ [Cole, Bertone, Coogan, Gaggero, Karydas, BJK, Spieksma,

. Tomaselli, 2211.01362, Nature Astronomy]

Signals very hard to confuse in 1 year of
LISA data (huge Bayes factors!)

Generate waveform
assuming:
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https://arxiv.org/abs/2211.01362

Dark Matter in the Galactic Center [Karydas et al. (including BJK), 2606.13761]
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Similar calculations could be
applied to extra-galactic SMBHs. #£3



https://arxiv.org/abs/2606.13761

